IN the developing bone of the normal child, rat or rabbit, hypertrophy of the cartilage cells is rapidly followed by deposition of calcium salts in the cartilage matrix. If, through dietary deficiency, the deposition of calcium salts is delayed or incomplete, as in rickets, the uncalcified areas of hypertrophic cartilage can be calcified in vitro by immersing the tissues in suitable salt solutions. The uncalcified hypertrophic cartilage of these rachitic animals possesses both phosphatase and the second calcifying mechanism [Robison and Rosenheim, 1934], although the activity of the latter may possibly be somewhat lower than in normal animals [Rosenheim, 1934]. The development of the complete calcifying mechanism in the cartilage of these mammals is thus very intimately associated with the hypertrophy of the cells.
IN the developing bone of the normal child, rat or rabbit, hypertrophy of the cartilage cells is rapidly followed by deposition of calcium salts in the cartilage matrix. If, through dietary deficiency, the deposition of calcium salts is delayed or incomplete, as in rickets, the uncalcified areas of hypertrophic cartilage can be calcified in vitro by immersing the tissues in suitable salt solutions. The uncalcified hypertrophic cartilage of these rachitic animals possesses both phosphatase and the second calcifying mechanism [Robison and Rosenheim, 1934] , although the activity of the latter may possibly be somewhat lower than in normal animals [Rosenheim, 1934] . The development of the complete calcifying mechanism in the cartilage of these mammals is thus very intimately associated with the hypertrophy of the cells.
In the developing long bones of the fowl embryo, the cartilage also undergoes hypertrophy and simultaneously synthesises phosphatase [Fell and Robison, 1929] . The present communication deals with the relation of these developmental changes to calcium deposition in the limb skeleton of the fowl as compared with that of the mammals previously studied.
In osteoid tissue, which forms the organic basis of bone, phosphatase is also synthesised [Fell and Robison, 1930] , but a suitable material for the more precise study of calcification of osteoid in vitro was not hitherto available. Cultures of osteoid developed in vitro [Fell, 1932] have provided such material for experiments on calcification which are also described in this paper.
MATERIALS AND METHODS.
Normal skeleton. The material consisted of the lower jaws and long bones from fowl embryos of 7, 8, 9, 10 and 12 days' incubation and the long bones of 14, 15 and 19-day embryos and of 4-day hatched chicks. The tibia was used in all experiments and in some the radius, humerus, femur and fibula were also investigated. One ramus of each jaw and one of each pair of long bones served to demonstrate the calcification which had taken place in ovo, while the others were used to find how far calcification could be extended by immersion of the tissues in experimental calcifying solutions. In many experiments a series of transverse or longitudinal slices was cut from the long bone rudiments and immersed in the solutions; this was done partly for convenience in studying the distribution of calcification in the cartilage and partly to ensure penetration of the solution into the tissue. Sometimes the periosteal bone was stripped from the cartilage, and bone and cartilage were separately immersed. The solutions were similar to those employed for the calcification in vitro of mammalian tissues H. B. FELL AND R. ROBISON [Robison and Rosenheim, 1934] ; they are referred to in the paper by figures representing the concentrations of calcium, inorganic and organic phosphate in mg. per 100 ml.; thus, solution 8: 5: 10 contains 8 mg. Ca, 5 mg. P as inorganic phosphate and 10 mg. P as organic phosphate per 100 ml. basal salt solution, while solution 8: 5: 0 contains no organic phosphate. The organic phosphate was in every case glycerophosphoric ester. The PH of these solutions was 7*4 and the period of immersion was usually [20] [21] [22] [23] [24] hours at 370; in one experiment slices were immersed for longer periods up to 5 days.
After immersion the tissues were fixed in 10 % neutral formalin for 30 minutes, washed in distilled water (5 changes) for 30 minutes, placed in 2 % silver nitrate solution in the dark for 18 hours, washed in distilled water (10 changes) for 1 hour, dehydrated in acetone (3 changes) and transferred to cedar wood oil. Blackening of the deposit occurred on exposure to light. The tissues were usually examined as whole mounts under low magnification and, in some cases, were subsequently embedded in paraffin wax and serially sectioned. Some of the material was examined only in serial sections, staining with silver nitrate being deferred until after sectioning.
Cultures. The cultures were grown by the hanging drop method in a mixture of blood-plasma and embryo extract; 1l inch square coverslips and 31 x 11 inch hollow ground slides were used.
The cultures of mandibular membrane bone were made by stripping the osteogenic mesoderm from the Meckel's cartilage of 6-day embryos and explanting it in vitro where, as described in a previous communication [Fell and Robison, 1930] , it continued to differentiate. Every 48 hours the explants were transferred to fresh medium.
The cultures of endosteum were obtained by explanting fragments of bone from the tibiae of 1 to 6-day hatched chicks [Fell, 1932] . Endosteal osteoblasts, together with a little endothelium and connective tissue, wandered out from the Haversian spaces of these bone fragments, which by the 6th day had become surrounded by a broad zone of actively multiplying cells. The original bone fragment was then removed and rejected and the zone of outgrowth alone was subcultivated. The hole left by the removal of the bone fragment rapidly disappeared and ossification began in the culture. The tissue was transferred to fresh medium at intervals of 48 hours. Six days after the excision of the original explant a considerable mass of new bone and osteoid tissue had usually been formed.
CALCIFICATION IN NORMAL SKELETAL DEVELOPMENT.
Osteoidtissue. At about the 6th day of embryonic life of the fowl, a sheath of osteogenic fibres appears beneath the perichondrium covering the middle third of the rudimentary long bones. This osteoid sheath increases in extent and in thickness and density; calcification usually begins between the 7th and 8th days. By the end of the 8th day the calcified region covers about one-fifth of the total length of rudimentary bone, although at either end a considerable part of the osteoid sheath remains uncalcified. By the 9th day a much greater proportion of the total osteoid has become calcified; by the 12th day calcified periosteal bone in tibia and femur extends almost to the epiphyses.
In the membrane bones of the jaw osteoid tissue appears between the 6th and 7th days, and by the 8th day small areas of calcification are found near the articulation in the angulare and supraangulare; most of the osteoid tissue is still uncalcified (Plate XIV, fig. 1 [Fell, 1925] In the long bones of 9, 10, 11 and 12-day embryos measurable increase in the calcified zone after immersion in the solution was not observed, but calcification at either end of this zone was in many cases denser and more sharply 2245 defined. In bones of still older embryos immersion in the solutions led to no obvious change in the extent of calcification.
In the 8-day embryonic mandible, after immersion for 20 hours in the calcifying solutions, the deposit was considerably increased in those membrane bones which were already partly calcified in vivo, while calcification also appeared in some of the other, previously uncalcified, bone rudiments (Plate XIV, figs. 1 and 2). Histological sections showed that even this increased calcification did not extend to the limits of the osteoid matrix.
In 10-day and 12-day mandibles all the four membrane bones were calcified in vivo and no obvious increase in this calcification was produced by the experimental solutions.
Cartilage. As already stated, the cartilage of the tibia showed no calcification up to the 12th day in ovo although hypertrophy was well advanced. Neither could any deposit be produced in the matrix of this uncalcified cartilage of 7, 8 and 9-day embryos by immersion for 24 hours in solutions 8: 5 : 0 and 8: 4: 10. In the 12-day tibia, however, small patches of calcification were found in the hypertrophic cartilage after immersion in solution 8: 4: 10. This calcification, which was normal in appearance, occurred towards the end of the hypertrophic region immediately beneath the periosteal bone. It was not seen in a second 12-day tibia immersed in the inorganic solution 8: 5: 0 or in either of the control tibiae from the same embryos.
In the tibiae and other long bones of 14-day embryos the development of the calcifying mechanism was further advanced. Some slight calcification was seen in the cartilage of three out of six control tibiae and also in the one fibula examined; none was found in two control femora. Immersion of the corresponding bones for 24 hours in solution 8: 5: 0 led to little or no increased calcification; but in solution 8: 4: 10 definite calcification of the cartilage occurred, the deposit being restricted to patches at either end of the hypertrophic cartilage beneath the periosteal bone.
In the control tibiae of 15-day embryos calcification was usually distinguishable in the hypertrophic cartilage although still restricted to small patches beneath the bone and near the marginal erosion cavities. These 15-day tibiae were chosen for a more complete investigation of the calcifying mechanism owing to their relatively large size and to the fact that most of the hypertrophic cartilage was still uncalcified. The tibiae of nine embryos were examined; about 12 transverse slices were cut from the distal part of each, those from one tibia of each embryo being fixed as controls, while the slices from the corresponding tibia were immersed in solutions 8: 5: 0, 8: 4: 10 (Plate XV, figs. 7, 8, 9) . This calcification appeared to begin in the region of most recently hypertrophied cells, adjoining the zone of flattened cells, so that the deposit bore some resemblance to the "line " of healing rickets; this appearance was not observed in experiments with embryonic tibiae. In solution 8: 2 : 0 a thin and incomplete line of calcification was formed in vitro; the new calcification was much heavier in solution 8: 2: 10, while, at the other extreme, solution 8: 4: 10 gave a broad dense band of deposit extending almost from the flattened cells to the calcified shaft. All the solutions gave increased calcification in the cartilage trabeculae in the region of endochondral ossification.
The Ca x P level, 8 x 2, is the lowest at which calcification of cartilage in vitro has been realised in absence of phosphoric ester with this basal solution; higher levels are usually necessary to effect calcification in cartilage of rachitic rats [Rosenheim, 1934] .
Pho8phata8e.
It was previously shown that during the growth of avian long bones in ovo or in vitro synthesis of phosphatase follows very closely the progress of histological development, that is, hypertrophy of the cartilage cells and formation of bone. For entire normal femora the maximum value for the ratio of phosphatase to dry weight (A/W) was obtained at the 12th day of embryonic life; much higher values of this ratio were given by femora which had been grown for 21 days in vitro from 6-day rudiments [Fell and Robison, 1929] . The present experiments have shown that the hypertrophic cartilage of these avian long bones remains uncalcified and largely uncalcifiable until a relatively late stage in normal development.
Further tests were, therefore, carried out on such cartilage freed from its sheath of periosteal bone and, separately, on the bone sheath, in order to discover whether phosphatase is present in both these tissues. These tests were done on tissue fragments which were first dried in vacuo and weighed [Fell and Robison, 1930; Macfarlane et al., 1934] . For the 9-day and 14-day embryos it was necessary to use tissue from several tibiae for each test. The substrate was sodium ,B-glycerophosphate and tests were carried out both with and without addition of magnesium sulphate (0.003M). The values of A/W are shown in Table I ; owing to the difference of substrate they are considerably higher than those found previously for avian femora but are of the same order as those found by Macfarlane et al. for bone and ossifying cartilage of young rats and rabbits.
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It must be borne in mind that the hypertrophic cartilage, although divested of periosteal bone, contains a few erosion cavities in which osteoblasts are present. At 9 days, however, erosion is extremely slight and it is hardly possible that the phosphatase found in the 9-day cartilage could have been derived to any significant extent from this source. The results, therefore, confirm the previous conclusion that both osteoid tissue and hypertrophic cartilage synthesise phosphatase. The remaining experiments were carried out with cultures of osteoid tissue derived from endosteum and grown for periods varying from 2 to 8 days after removal of the original bone fragment. In the 2-day cultures of one experiment the five controls contained much early osteoid tissue which was entirely uncalcified; of five cultures immersed in solution 8: 5: 0 only one showed any calcification, but solution 8: 4: 10 produced deposits in all cultures. In the 4-day cultures calcification was already present in some of the controls and appeared to be slightly denser in most of the cultures immersed for 24 hours in 8: 5: 0; after 24 hours in solution 8: 4: 10 calcification of the osteoid was much greater, though still incomplete. After 6 days' cultivation there was some calcification in all but one of the controls, but it was very much denser and more extensive in the cultures immersed in 8: 5: 0 and 8: 4: 10.
Very similar results were obtained from another experiment in which 15 4-day and 30 6-day cultures were used. Microscopical examination of the living cultures showed that in 15 specimens the osteoid, after 6 days' growth, was subnormal in development; this subnormal tissue was only slightly calcified in solution 8 : 4: 10 and not at all in 8 : 5: 0.
In order to study more closely the gradual development of the calcifying mechanism further experiments were performed with 6-and 8-day cultures using a wider range of calcifying solutions, from 6 : 2 : 0 and 6 : 2 : 2 to 8 : 5 : 0. Three experiments were done with 31, 40 and 55 cultures respectively; it was found possible to sketch the living cultures before immersion and to mark the osteoid tissue and calcified areas with considerable certainty so that an individual control was available for each culture in addition to the controls provided by cultures fixed without immersion'. The results showed that in uncalcified osteoid at its maximum calcifiability (8-day cultures) some slight deposit could be produced with the low Ca x P level solution 6: 2: 0, while the same solution with addition of phosphoric ester in very low concentration (6 : 2 : 2) produced regular and extensive deposition. In slightly less developed osteoid, calcification did not occur in solution 6: 2: 0 or 8: 2: 0 and only irregularly in 8: 3: 0, but dense deposits were usually found in solutions 8: 4: 0 and 8: 5: 0. At all these levels, however, calcification occurred in a certain proportion of cultures when phosphoric ester was present (6:2:2, 8:2:2 etc.). As in the previous experiments, the calcifiability of the osteoid in any one culture was rarely if ever uniform, so that, after immersion in solutions of moderate Ca x P levels, areas of osteoid remained uncalcified while other areas contained deposits of varying density.
It is clear that the calcifying mechanism is not appreciably developed in the earliest osteoid and that it only attains full activity by gradual stages. When fully developed it can effect calcification in inorganic solutions at relatively low levels of the product Ca x P; but in younger osteoid, calcification does not occur at these levels unless phosphoric esters are also present in the solution.
A final experiment was performed to compare the strength of the calcifying mechanism in cultures of osteoid tissue and in cultures of the fibrous coat of the periosteum from the same bone. The experimental material consisted of 40 endosteal cultures, grown in vitro for 6 days before and 6 days after removal of the bone fragment, and 40 explants of fibrous periosteum grown in vitro for 12 days without removal of the original fragment (Plate XVI, figs. 13 and 14) . The solutions used were of high Ca x P levels, namely 8 : 5 : 0, 8 : 6 : 0 and 8: 4: 30. Five cultures from each set were used for phosphatase determinations. Most of the endosteal controls showed no calcification, whilst a few contained a very slight deposit. The control cultures of fibrous tissue were entirely free from calcification. The experimental endosteal cultures immersed in all three solutions became heavily calcified, but no trace of calcification was produced in a single culture of fibrous periosteum (Plate XVI, figs. 15, 16, 17, 18) . 1 The examination of these cultures in the living state gave the impression that the osteoid matrix becomes more refractile and opaque immediately before calcification. This question is being further investigated. The phosphatase activity of a number of the tissue cultures was determined in the manner already described, five cultures being taken for each test. The results are given in Table II and show that all cultures of osteoid tissue possessed considerable phosphatase activity, which was increased nearly tenfold in presence of 0-003M magnesium sulphate. The values of A/W are of the same order as those found for normal embryonic bone (Table I) ; it is not surprising that they The calcification of cartilage and osteoid tissue is controlled, on the one hand, by factors inherent in the surrounding medium and, on the other, by properties peculiar to these tissues. Experiments on the calcification of tissues in vitro by immersion in artificial salt solutions have thrown light on the parts played by these different factors. A good deal is known about the effect of the various constituents of blood, while the earlier view of phosphatase as the essential factor localised in the tissue has been enlarged to the conception of a more complex mechanism of which phosphatase forms a principal component [Robison and Rosenheim, 1934] .
The experiments which led to these conclusions were done chiefly on mammalian hypertrophic cartilage from the long bones of rachitic animals. In the normal animal such cartilage is almost completely calcified; in the rachitic, considerable areas remain free from deposit but can be partly or wholly calcified in vitro. Other experiments with normal embryonic rabbit tissues [Niven and Robison, 1934] have shown that the hypertrophic cartilage in the rudimentary long bones becomes calcified shortly after it first appears; if removed from the embryo before deposition has taken place the hypertrophic cartilage can be completely calcified in vitro; the small-celled cartilage is not calcifiable in this way.
It is shown in the present communication that in the fowl the cartilage of the long bones hypertrophies early in embryonic life and synthesises phosphatase but, unlike mammalian cartilage, does not become calcified at this stage. If the calcifying mechanism is already present in this cartilage, but has not reached its full activity, calcification might be expected to occur in vitro in solutions of high Ca x P level containing phosphoric ester. This result was not obtained in our experiments with the youngest hypertrophic cartilage; but at later stages of development calcification in vitro could be produced in limited marginal regions which became more extensive as the age of the embryo advanced.
The gradual decline in power of the calcifying mechanism from the periphery to the centre of this hypertrophic cartilage was well shown in the experiments with the transverse slices of 15-and 19-day tibiae, in which the width of the zone calcified in vitro increased with the potency of the calcifying solution and the period of immersion. At this intermediate stage of development the favourable effect of phosphoric ester on calcification was most marked.
The hypertrophic cartilage clearly undergoes an important change in its properties subsequent to its first appearance. Synthesis of phosphatase appears to begin as soon as the cells become enlarged, but the calcifying mechanism is evidently incomplete and its full development takes place very slowly in the long bones of the fowl as compared with those of the mammal, so that a large part of the cartilage is eroded without becoming calcified. In certain bones of the fowl, e.g. the articulare, hypertrophy of the cartilage occurs late in embryonic life and is followed rapidly by calcification; this point is being further investigated.
It was possible to trace the gradual development of the calcifying mechanism also in newly formed osteoid, although, in the fowl, as in the rabbit, this tissue rapidly acquires a high degree of calcifiability. In tissue cultures, where calcification is retarded, the development of the mechanism was excellently demonstrated. At their optimum stage of differentiation these cultures of osteoid tissue could be partially calcified with solutions of lower Ca x P level (6: 2: 0) than has hitherto proved effective with hypertrophic cartilage; at these critical levels the favourable influence of phosphoric ester in low concentration (6: 2: 2) was very marked. It was noted for the first time with these cultures that high concentrations of ester, 30-60 mg. organic P/100 ml., tended to produce less satisfactory deposits than were obtained with concentrations of 2-5 mg. organic P/100 ml. Probably the large excess of unhydrolysed ester competes with the inorganic phosphate for calcium ions. It seems likely that the most favourable conditions for normal deposition in tissues possessing the fully developed calcifying mechanism are given by critical levels of calcium and inorganic phosphate, with phosphoric ester in low concentration in the medium.
A most interesting corollary to these experiments was provided by the cultures of fibrous tissue taken from the periosteum of the same bone from which control cultures of osteoid tissue were derived. When immersed in the same calcifying solutions the fibrous tissue completely failed to calcify whilst dense deposits appeared in all the osteoid cultures. The same result was obtained with calcifying solutions containing phosphoric ester and with those of very high Ca x P level containing none (8: 6: 0), so that the presence of phosphatase in the osteoid tissue and its absence from the fibrous tissue did not constitute the only important difference between them. The essential dissimilarity between 143-2 2251 osteoid and fibrous tissues, in spite of their superficial histological resemblance, is thus emphasised.
The results outlined in this paper are in accord with the view that a specialised mechanism is developed in hypertrophic cartilage and osteoid tissue before these tissues can be calcified in the body. They support the conclusion that phosphatase is an important component of this calcifying mechanism but is not the of sole factor concerned.
The elaboration of this complex biochemical mechanism during the later stages of development of hypertrophic cartilage is, in our opinion, impossible to reconcile with the view expressed by H. A. Harris [1932] Dense, sharply defined deposits have been formed throughout two masses of osteoid tissue which seems to have reached a higher stage of development than part of the osteoid tissue shown in Fig. 11 . ( x 27.) PLATE XVI. 
